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A Kinesin-like Protein Is Required
for Germ Plasm Aggregation in Xenopus
Denise L. Robb,* Janet Heasman,*‡ Jos Raats,§ specialized cytoplasm is that which in many species is
inherited by the progenitor cells of the germ line. Inand Chris Wylie*†
Xenopus this cytoplasm is known as germ plasm and*Institute of Human Genetics
consists of dense fibrillar material, several known RNAs†Department of Pediatrics
(Mosquera et al., 1993; Forristall et al., 1995; Kloc and‡Department of Cell Biology and Neuroanatomy
Etkin, 1995), pigment granules, and many mitochondria.University of Minnesota School of Medicine
Germ plasm is distributed in the unfertilized egg as hun-Minneapolis, Minnesota 55455
dreds of small islands in the cortical cytoplasm in the§Department of Biochemistry
vegetal half of the egg (Czolowska, 1969, 1972). DuringKatholieke Universiteit Nijmegen
the first four cell cycles it aggregates to form four largeThe Netherlands
masses, one in each of the four most vegetal cells, and
moves into the deeper cytoplasm (Bounoure, 1934;
Whitington and Dixon, 1975). Until the gastrula stage,Summary
these cells divide unequally, so that only one daughter
cell retains the germ plasm (Whitington and Dixon,In embryos of X. laevis, and many other species, early
1975). At the gastrula stage, these germ plasm–development requires targeted movements of mole-
containing cells become the founder cells of the germcules and molecular aggregates within the oocyte or
line, the primordial germ cells (Smith, 1966; Wakahara,egg cytoplasm. One well-known example in Xenopus
1977; Dixon, 1981; Ikenishi, 1982). The segregation ofis the aggregation of germ plasm, a group of cyto-
germ plasm is thought to be structurally and functionallyplasmic islands that become distributed during the
similar to the localization of the pole plasm in Drosophilafirst few cell cycles to cells that will give rise to the
(Mahowald, 1968; Illmensee and Mahowald, 1974; Ill-germ line. Nothing is known about the cytoskeletal
mensee et al., 1976) and P granules in C. elegansmotor proteins that may drive these movements. We
(Strome and Wood, 1983; Hill and Strome, 1988). In Xen-show here that a recently identified Xenopus kinesin-
opus, damage to the germ plasm, or incorrect localiza-like protein, Xklp1, is required for the aggregation of
tion, leads to defects in the germ line (Blackler, 1958;germ plasm in early Xenopus embryos, thus assigning
Akita and Wakahara, 1985). In Drosophila, ectopic local-this protein a role in a developmentally important cyto-
ization of the pole plasm (Illmensee and Mahowald,plasmic localization.
1974), or one of its constituent RNAs (oskar) (Ephrussi
and Lehmann, 1992) can generate ectopic germ cells.
Introduction Cytoplasmic localization of important developmental
determinants is not well characterized butoften requires
It has been known since the early days of microscopy the cytoskeleton. In C. elegans, actin filaments are nec-
that the eggs of many species are asymmetric structures essary for the normal segregation of germ line–specific
(Wilson, 1904; Conklin, 1905a, 1905b). Their cytoplasm P granules to the germ line progenitor cell (Hill and
contains molecules or molecular aggregates localized Strome, 1988). In Xenopus, microtubules are necessary
to particular regions, which segregate to different cells for cortical rotation (Elinson and Browning, 1988) and
of the early embryo during the first few division cycles. for localization of Vg1 RNA to the vegetal hemisphere
Examples of such microscopically visible cytoplasmic of oocytes (Yisraeli et al., 1990). Germ plasm aggrega-
localizations are the segregation of myoplasm in ascidi- tion also requires polymerized microtubules, since inhib-
ans, which is required for muscle differentiation (Conklin, itors such as nocodazole and colchicine halt this pro-
1905b; Reverberi and Minganti, 1946), and the cortical cess (Ressom and Dixon, 1988; Savage and Danilchik,
rotation in Xenopus laevis eggs, without which dorsal 1993). It is easy to speculate that a particular class of
axial structures do not form (Vincent et al., 1986). More cytoskeletal proteins, the motor proteins, may be impor-
recently molecular techniques have revealed that indi- tant in these processes.
vidual mRNAs and proteins also become localized in Already, members of the large kinesin superfamily of
the eggs of many species (reviewed by Micklem, 1995). motor proteins have been shown to be important in mito-
In Drosophila, these include gene products required to sis, meiosis, and transport of vesicles and organelles.
establish both anterior/posterior and dorsal/ventral axial However, as of yet there is no direct evidence for their
differences (Nusslein-Volhard et al., 1987; Lehmann, involvement in early developmental processes such as
1995). In Xenopus, many maternally encoded RNAs are cytoplasmic or RNA localization. The first member of the
asymmetrically distributed in the egg, including Vg1, superfamily to be described waskinesin (Brady,1985;Vale
XCat2, Xlsirts, An1, An2, and An3 (Rebagliati et al., 1985; et al., 1985). This is a tetramer consisting of two heavy
Melton, 1987; Weeks et al., 1987; Yisraeli et al., 1989; chains and two light chains. The heavy chain contains an
Linnen et al., 1993; Mosquera et al., 1993; Gururajan et N-terminal motor domain of z350 amino acids with bind-
al., 1994; Kloc and Etkin, 1994, 1995; Forristall et al., ing sites for ATP and microtubules, a central coiled coil
1995). The significance of these localizations in Xenopus domain, and a C-terminal tail to which the light chains
is not clear, since in most cases, the functions of the bind. More than 50 different proteins have now been found
RNAs are not known. that contain the highly conserved motor domain and these
are known as kinesin-related or kinesin-like proteins (klps).One of the best known examples of localized and
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Klps are typically, but not exclusively, plus end–directed
motors. They range in structure from monomers to
heterotetramers (Cole and Scholey, 1995) and have re-
cently been grouped into eight subfamilies (Moore and
Endow, 1996). Klps often contain sequence differences in
their tail domains, thought to reflect differences in their
cargo-binding ability. We have previously identified four
novel klps in Xenopus oocytes (Vernos et al., 1993). Initial
in vivo analyses of Xklp1 (Xenopus kinesin-like protein 1)
(Vernos et al., 1995) and Xklp2 (Xenopus kinesin-like pro-
tein 2) (D. R., unpublished data) revealed that both are
required for normal mitotic divisions in Xenopus embryos.
Reduction of either of these proteins caused an arrest in
the first few cleavages of the developing embryos.Further-
more, in vitro studies showed that Xklp1 is required for
normal spindle assembly and chromosome positioning
(Vernos et al., 1995), and that Xklp2 is required for
centrosome separation (Boleti et al., 1996).
Although previously Xklps have been shown to be Figure 1. Xklp1 mRNA and Protein Depletion in Xenopus Oocytes
involved in mitosis, we wanted to investigate whether and Embryos by Antisense Oligonucleotides
they also had a role in cytoplasmic localization. Results Antisense oligos directed against Xklp1 effectively deplete Xklp1
presented here show that depletion of Xklp1 mRNA in mRNA and reduce Xklp1 protein levels in the oocyte.
oocytes, using antisense deoxyoligonucleotides, blocks (A) Northern blot analysis of a rescue experiment shows that anti-
sense oligo Xklp1-A (2nd lane) depletes Xklp1 mRNA as comparedthe aggregation of germ plasm in the embryo. In addi-
to the uninjected lane, but without affecting Xklp2 mRNA. Xklp2tion, we show that germ plasm associates directly with
mRNA also acts as a loading control. The injected synthetic Xklp1the microtubule network of the vegetal cytoplasm as it
mRNA (3rd and 4th lanes) contains Xenopus b-globin UTRs rather
becomes localized, and that the depletion of Xklp1 in than native 59 and 39 UTRs and thus runs faster on the gel. It is not
the oocyte does not disrupt this network. Lastly, Xklp1 depleted by the oligo because third base alterations prevent its
protein is found in the germ plasm throughout aggrega- attack by the oligo.
tion. Thus, Xklp1 has a nonredundant function in cyto- (B) Western blot analysis of a rescueexperiment shows oligos Xklp1-
A (2nd lane) and Xklp1-B (3rd lane) cause a reduction inXklp1 proteinplasmic localization in Xenopus.
as compared to uninjected controls (1st lane). Injected synthetic
Xklp1 mRNA is efficiently translated (4th lane).Results
(C) Northern blot analysis (left) and Western blot analysis (right)
show that the antisense oligo Xklp2-A reduces Xklp2 mRNA (left
Antisense Depletion of Xklp1 and Xklp2 mRNAs top panel, lane 3) and protein (right top panel, lane 2) without affect-
To identify the functions of Xklp1 in vivo, antisense ing Xklp1 mRNA (not shown) and protein (right lower panel, lane 2).
b-catenin was used as a loading control for the Xklp2 Northern. Theoligos were injected into full-grown oocytes, and the
Western blot was probed with an antibody to Xklp1 (Ab65) and andegree of RNA and protein depletion was assessed by
antibody to Xklp2 (Xklp2-T).Northern and Western blot analysis. An oligo (Xklp1-A)
directed against part of the nonconserved 59 region of
the Xklp1 mRNA was effective at depleting this mRNA,
The most important control for oligo-mediated deple-but not that of another kinesin-like protein Xklp2 (Figure
tion of an mRNA is to show that its effects can be res-1A). This resulted in a reduction of Xklp1 protein in the
cued by subsequent injection of the target mRNA. Tooocytes (Figure 1B). The prominent yolk protein which
do this we used a modified form of the Xklp1 mRNAsometimes appears upon exposure of the Western is
(Vernos et al., 1995) containing third base alterations inused here as a loading control (Figure 1B). Another anti-
the region of the mRNA targeted by the oligo. This mRNAsense oligo (Xklp1-B) directed against a different region
thus codes for the same protein (lane 4, Figure 1B).of Xklp1 mRNA also depleted the mRNA (data not
However, unlike the endogenous mRNA, it is not de-shown) and resulted in a reduction of the amount of
pleted by the oligo (lanes 3 and 4, Figure 1A). The rescu-protein (Figure 1B) in oocytes.
ing mRNA lacks Xklp1 59 and 39 untranslated regionsAs one of the controls for specificity in these experi-
(UTRs) but instead contains Xenopus b-globin UTRs andments, we wished to show that the Xklp1 oligos did not
thus migrates faster on gels (Figure 1A).deplete themRNA of a related protein, Xklp2. In addition,
we wanted to show to what extent the effects of deple-
Effects of Xklp1 and Xklp2 mRNA Depletiontion of Xklp1 are specific, by comparing these with the
in Fertilized Embryoseffects of depleting a different, but related, protein. For
Oocytes were injected with antisense oligos againstthese reasons we used oligos against both Xklp1 and
Xklp1 or Xklp2 and fertilized by the host transfer tech-Xklp2 to show that each did not deplete the mRNA (and
nique (Holwill et al., 1987). As shown previously, deple-protein) of the other. Figure 1 shows that the Xklp1 oligo
tion of Xklp1 caused cleavage abnormalities (Vernos etdoes not deplete Xklp2 mRNA (Figure 1A) or pro-
al. 1995). We found that depletion of Xklp2 also causedtein (Figure 1C). Furthermore, an oligo against Xklp2
cleavage abnormalities similar to those caused by(Xklp2-A) depletes its target mRNA (Figure 1C) and re-
depletion of Xklp1 (data not shown). Fertilized eggs wereduces the level of protein (Figure 1C), but does not affect
Xklp1 mRNA (data not shown) or protein (Figure 1C). allowed to develop until control embryos reached the
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hr toachieve full aggregation. In the absence of cleavage
divisions, the germ plasm aggregated into one or more
masses in the center of the vegetal hemisphere, rather
than into each of four cells. Thus, cell division is not
necessary for aggregation. This new method for as-
sessing germ plasm aggregation allowed us to generate
a higher number of specimens and thus quantitate ef-
fects more accurately.
Antisense oligos directed against either Xklp1 mRNA
or Xklp2 mRNA were injected into oocytes, which were
then matured with progesterone overnight, prick-acti-
vated, and stained with MitoTracker to follow germ
plasm movements. Only oocytes that were definitively
activated, as assessed by cortical contraction and vitel-
line envelope swelling, were further analyzed. The germ
plasm was seen as hundreds of small fluorescing islands
in the vegetal hemisphere of unpricked oocytes (Figure
3A). By 3.5 hr after prick activation, aggregation was
complete in uninjected (Figure 3B) and Xklp2-depleted
(Figure 3C) oocytes, but was only partial in Xklp1-
depleted oocytes (Figure 3D). Samples from these ex-
periments were fixed, sectioned, and stained with anti-
vimentin. The vimentin staining mirrored theMitoTracker
dye in both uninjected (Figures 3E and 3F) and Xklp1
mRNA–depleted (Figures 3G and 3H) oocytes, showing
that other components of the germ plasm, as well as
mitochondria, were affected by Xklp1 depletion. Thus,
the loss of Xklp1 mRNA and corresponding reduction of
Xklp1 protein caused an arrest in the normal aggregation
process of the germ plasm.Figure 2. Germ Plasm Aggregates Are Missing from Xklp1 mRNA
Depleted Embryos To quantitate this effect, we divided germ plasm ag-
gregation into three stages; little to no aggregation (asBoth uninjected (A) and Xklp2-depleted (not shown) embryos all
contained germ plasm aggregates, seen in this section by anti- in Figure 3A), partial aggregation (as in Figure 3D), and
vimentin staining. No large aggregates could be found in Xklp1 full aggregation (as in Figures 3B and 3C). Activated
mRNA depleted embryos (B). However, small bits of staining (arrow) oocytes were assigned to one of these three categories
could be found in some specimens. Scale bars 5 100 mm. and counted in several experiments. The means and
standard errors were calculated from several separate
experiments and are presented graphically (Figure 4).
32-cell stage, then were fixed and serially sectioned
Some of the experiments were scored blind to avoid
through the vegetal hemisphere. Sections were then biasing the results. Two different antisense oligos
stained with an antibody against Xenopus vimentin (Tor- (Xklp1-A and Xklp1-B) directed against different regions
pey et al., 1992) to identify germ plasm. In two separate of the Xklp1 mRNA, showed the same degree of germ
experiments, we found no aggregated germ plasm in plasm aggregation arrest in oocytes (Figure 4). Of the
12 out of 13 Xklp1-depleted embryos. Only occasional oocytes, 60%–75% fell into the partial aggregation cate-
small spots of staining were seen amongst the yolk gory (Figures 3D and 4). In contrast, a sense oligo
platelets (Figure 2B, arrow). However, the same number (Xklp1-S) complementary to Xklp1-A, did not have this
of uninjected (Figure 2A) or Xklp2-depleted (data not effect as z75% of the oocytes displayed complete ag-
shown) embryos all contained large masses of aggre- gregation (Figure 4). Similarly, both uninjected and
gated germ plasm in the vegetal region. Xklp2-depleted oocytes showed complete aggregation
in >75% of cases (Figure 4). The depletion of Xklp2
Effect of Xklp1 Reduction in Activated Oocytes mRNA did have an effect on embryos after fertilization,
Serial sectioning was cumbersome, so we developed a however. It blocked the early mitotic divisions (data not
novel assay for germ plasm aggregation in order to bet- shown). The results seen here therefore represent differ-
ter quantitate the effect. It had been shown previously ential effects of depletion of these two related mRNAs.
that germ plasm aggregation will take place in artificially Xklp1 is required for both mitosis (Vernos et al., 1995)
activated, unfertilized eggs (Ressom and Dixon, 1988; and germ plasm localization, while Xklp2 is required for
Savage and Danilchik, 1993). We found that it would mitosis (Boleti et al., 1996; D. R., unpublished data) but
also occur in oocytes that had been matured in vitro not for germ plasm aggregation.
with progesterone, and then pricked with a tungsten or The effect of depletion of Xklp1 mRNA on germ plasm
glass needle. Aggregation was monitored live by stain- aggregation in prick-activated oocytes can be rescued
ing germ plasm with the vital dye for mitochondria, chlo- almost completely by subsequent injection of the modi-
romethyl X-rosamine (MitoTracker, Molecular Probes, fied Xklp1 mRNA (Figure 5). The numbers for one rescue
Inc.). The aggregation process occurred at a slightly experiment showing the number of oocytes in each ag-
gregation category are seen in Figure 5D. Injection of 7slower rate than in embryos, usually taking about 3–4
Cell
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Figure 3. Depletion of Xklp1 mRNA Causes
an Arrest of Germ Plasm Aggregation
Fluorescence microscopyshows germ plasm
stained with MitoTracker (red) as hundreds
of small islands covering the vegetal hemi-
sphere of an unpricked oocyte (A). Following
prick activation, germ plasm aggregated into
one or a few large masses in uninjected (B)
and Xklp2 mRNA depleted oocytes (C). Germ
plasm aggregation was arrested in Xklp1 de-
pleted oocytes (D). Some samples were fixed,
sectioned, and stained with anti-vimentin
(green). Vimentin staining mirrored Mito-
Tracker staining in both uninjected (E and F)
and Xklp1 mRNA depleted (G and H) oocytes
and showed that another germ plasm compo-
nent was affected by the loss of Xklp1. Scale
bars: (A)–(D) 5 100 mm; (E)–(H) 5 50 mm.
ng of Xklp1 mRNA into Xklp1-depleted oocytes caused and Danilchik, 1993), it has not been shown that germ
plasm associates directly with microtubules during lo-an increase in the number of oocytes in the full aggrega-
tion category from 6.25% to 53% of the totals for that calization. Furthermore, we wanted to ensure that the
effect of Xklp1 depletion was not secondary to a generalexperiment. The percentage of Xklp1 mRNA–depleted
oocytes falling into the partial or little aggregation cate- effect on microtubules.
Confocal images from a prick-activated oocyte, dou-gory is somewhat different than in Figure 4, as these
percentages can vary slightly among different batches ble stained with MitoTracker for germ plasm and anti-
tubulin, show that aggregated germ plasm contains aof oocytes. Four repeats of this experiment reflected
the same degree of rescue. Rescued oocytes (Figure microtubule network that is much denser than, but con-
tinuous with, the surrounding network in the vegetal5C) displayed more aggregation than Xklp1-depleted
oocytes (Figure 5B) and often showed a great enough cytoplasm (Figure 6A). The fixation and staining protocol
has been optimized for analysis of microtubules in Xeno-increase in aggregation to be counted as fully aggre-
gated, although the germ plasm did not always form a pus (Gard et al., 1990) and reveals that the germ plasm
is clearly embedded in a network of microtubules. Whensingle compact mass as in controls (Figure 5A). Injection
of Xklp1 mRNA alone did not have an effect on aggrega- viewing only the microtubules, the position of the aggre-
gated germ plasm can be predicted by its increasedtion (Figure 5, table).
concentration of microtubules (Figure 6B). This confirms
earlier reports, using conventional microscopy, of in-The Association of Germ Plasm with Microtubules
during Aggregation creased tubulin concentrations in germ plasm (Wylie et
al., 1986). It is clear from these micrographs that germNext, we studied the spatial relationship between germ
plasm and microtubules during aggregation. Although plasm is directly associated with microtubules during
aggregation. The microtubule network in unpricked oo-it has been shown previously that drugs that disrupt the
microtubule cytoskeleton block germ plasm localization cytes (Figure 6C) was compared with the network in an
oocyte depleted of Xklp1 (Figure 6D). The microtubulein Xenopus embryos (Ressom and Dixon, 1988; Savage
Xklp1 Is Required for Germ Plasm Aggregation
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Figure 4. Two Different Antisense Oligos Directed Against Xklp1
mRNA Cause the Same Arrest of Germ Plasm Aggregation
Depletion of Xklp1 mRNA and reduction of Xklp1 protein, using
two antisense oligos (Xklp1-A, Xklp1-B) directed against different
regions of the RNA, causes a high percentage of prick-activated
oocytes to display an arrest of germ plasm aggregation. The sense
oligo Xklp1-S does not cause an arrest. Depletion of Xklp2 mRNA
via oligo Xklp2-A also does not cause an arrest of aggregation. A
scoring system was established such that activated oocytes were
assigned to one of three categories 4 hr after activation: full aggrega-
tion (as in Figure 3B), partial aggregation (as in Figure 3D), or little
to no aggregation (as in Figure 3A). Results in the graph for unin-
Figure 5. The Germ Plasm Aggregation Arrest Can Be Almost Com-
jected and Xklp1-A injected oocytes are a compilation of 6 individual
pletely Rescued by Injecting Full-Length Xklp1 mRNA
experiments (117 uninjected oocytes, 120 Xklp1-depleted oocytes).
Prick activated oocytes from a representative experiment show thatResults for Xklp1-S, Xklp2-A, and Xklp1-B injected oocytes are from
the germ plasm in rescued oocytes (C) often aggregates much more3 separate experiments (65 Xklp1-S injected oocytes, 46 Xklp2-A
than in Xklp1-depleted oocytes (B), but does not quite reach theinjected oocytes, 64 Xklp1-B oocytes). Finally, an antisense oligo,
extent of aggregation found in uninjected controls (A). The table(Xklp1-At), that has the same sequence as Xklp1-A but contains a
presents data from an individual rescue experiment in which 7 ngthioate modification instead of an amidate modification, also causes
of full-length Xklp1 mRNA was injected into oocytes that had beenan arrest of germ plasm aggregation (data not shown).
depleted of Xklp1 mRNA via 0.8 ng Xklp1-A oligo. The mRNA alone
does not affect aggregation. Four other experiments gave similar
results. Scale bars 5 200 mm.network is identical in all cases examined, and thus
appears unaffected by Xklp1 depletion.
Xklp1 Protein Is Present in Germ Plasm amount of protein observed has been determined to be
due to a lack of penetration of the antibody. In oocytesduring Aggregation
Xklp1 protein could be required for the transport of germ injected with Xklp1 mRNA, the staining was much
brighter and the concentration of the dots was in-plasm materials along microtubules during aggregation.
Alternatively, since we saw an increased microtubule creased, both in germ plasm and elsewhere (Figure 7D).
Control experiments in which the primary antibody wasconcentration in the aggregated germ plasm, theprotein
could be required for inter-microtubule interactions that omitted were unstained (data not shown).
would allow the germ plasm islands to contact each
other. To help to distinguish these possibilities, we stud- Discussion
ied the distribution of Xklp1 protein in the germ plasm
region of fixed whole-mounted oocytes, using two pre- Results presented here indicate that Xklp1 is required
in the egg cytoplasm for the correct localization of germviously characterized antibodies (Vernos et al., 1995).
Xklp1 was found in small punctate dots concentrated plasm in Xenopus. This was shown by the depletion of
maternal mRNA coding for Xklp1 and the correspondingin germ plasm, but was also found elsewhere in the
cytoplasm of the vegetal pole (Figures 7A–7C). Xklp1 arrest ingerm plasm aggregation. We provide the follow-
ing controls for specificity of this effect. First, the corre-protein was seen in the germ plasm in unpricked oocytes
(Figure 7A) and throughout the aggregation process sponding sense oligo had no effect. Second, depletion
of the related Xklp2 protein did not affect germ plasm(Figures 7B and 7C). In completely aggregated germ
plasm, the staining is lighter and the appearance of the aggregation, even though it didaffect cell division. Third,
two different oligos against the Xklp1 mRNA had thedots is less concentrated; however, as the germ plasm
has begun to ingress already, the decrease in the same effect, making it very unlikely that each of them
Cell
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Figure 6. Microtubules Are Closely Associ-
ated with Aggregating Germ Plasm
Confocal micrographs show germ plasm in
red and microtubules in green.
(A) Aggregated germ plasm contains a dense
network of polymerized microtubules contin-
uous with those in the vegetal cytoplasm.
(B) By viewing only the microtubule network,
the location of the aggregated germ plasm
can be predicted by the denser network of
microtubules.
(C) Microtubule networks are in close proxim-
ity to germ plasm islands in the unpricked
oocyte.
(D) The microtubule network in Xklp1-
depleted oocytes is unaffected by the deple-
tion, and yet germ plasm aggregation is still
arrested. Scale bars 5 40 mm.
is having the effect by depleting a different mRNA. slower rate than in embryos, and the absence of cleav-
age divisions led to one or more large masses beneathLastly, we showed that the effect can be reversed by
injecting a form of Xklp1 mRNA that cannot be destroyed the vegetalpole. We tracked thesemovements using the
fluorescent mitochondrial dye choromethyl X-rosamine.by the oligo. Together, these controls make it extremely
unlikely that the effects observed are due to general We showed that it is unlikely that the movements ob-
served solely represented mitochondrial movements (asoligo toxicity or to the depletion of a different mRNA.
Thus, Xklp1 plays a nonredundant role in cytoplasmic opposed to all other germ plasm components), by dou-
ble staining specimens with anti-vimentin. We found thatlocalization in development.
Analyzing germ plasm aggregation was made easier vimentin and MitoTracker colocalized exactly, both in
nonaggregated and aggregated germ plasm. In addition,by being able to track the movements in prick-activated
matured oocytes. It has been shown previously that pigment granules coaggregated with mitochondria in
uninjected and Xklp2-depleted oocytes. It is known thatgerm plasm aggregation will take place in unfertilized
eggs, activated in vitro (Ressom and Dixon, 1988; Sav- pigment granule aggregation in the vegetal hemisphere
is a visible marker of aggregating germ plasm (Ikenishiage and Danilchik, 1993). We started with oocytes and
showed that germ plasm aggregation could also be fol- and Nakazato, 1986).
Germ plasm aggregation occurred to a much greaterlowed in them after in vitro maturation and prick activa-
tion. This eliminated the need to fertilize the eggs via extent in Xklp1-depleted oocytes that were subse-
quently rescued by the modified Xklp1 mRNA, thanthe host transfer method for analysis. Germ plasm ag-
gregation in activated oocytes occurred at a slightly those injected with antisense oligo alone. However, we
Figure 7. Xklp1Protein IsFound inAggregat-
ing Germ Plasm
All of the images are standard confocal mi-
crographs compiled from 5–10 steps of 1 mm
intervals.
(A) Xklp1 protein stains germ plasm and is
seen as discrete dots concentrated in the
germ plasm islands of an unpricked oocyte.
The protein is also seen in the surrounding
cytoplasm of the vegetal pole.
(B) Xklp1 protein is found in germ plasm that
has been aggregating for 2 hr, as well as in
the surrounding cytoplasm.
(C) The protein is still found in germ plasm
upon complete aggregation (3.5 hr). The con-
centration of the protein appears less than
earlier, but this seems to be due to incom-
plete antibody penetration in the whole-
mounts.
(D) Overexpression of Xklp1 mRNA leads to
an increase in Xklp1 staining in both the germ
plasm and the surrounding region. Scale
bars 5 25 mm.
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did not consistently see rescue to the levels of aggrega- supports the former model but does not exclude the
latter.tion seen in uninjected oocytes. The reason for this is
unclear. It may be that it is hard to recreate the correct The klps have recently been grouped into subfamilies,
with members of each subfamily having closely relatedlocalization of the protein in the timescale of the experi-
ment. The possibility that too much Xklp1 RNA interferes motor domain sequences, some sequence similarity
outside the motor domain, and similar cellular functionswith normal aggregation is made unlikely by experi-
ments in which Xklp1 mRNA was injected alone and did (Moore and Endow, 1996). Xklp1 has been included with
chicken chromokinesin, Drosophila Klp3A, and murinenot appear to affect aggregation.
During cortical rotation in Xenopus, the islands of KIF4 in thechromokinesin subfamily by virtue of its local-
ization to chromosome arms and its predicted functiongerm plasm rotate with the vegetal mass, being located
inside the shear zone created during rotation, but they in chromosome positioning. Here we describe a second
and unrelated role for Xklp1 in early Xenopus develop-maintain their positions relative to each other (Savage
and Danilchik, 1993). Following rotation, aggregation ment. It is likely that other klps will be found to have
more than one function, especially as their roles duringbegins as islands are coalescing locally as well as mov-
ing toward the vegetal pole (Savage and Danilchik, development are further studied. Even within the chro-
mokinesin family, the murine KIF4 has been reported1993). The use of microtubule inhibitors affects both of
these processes (Savage and Danilchik, 1993). Deple- to be localized to both the spindle and membranous
vesicles (Sekine et al., 1994).tion of Xklp1 protein from oocytes seemed to affect local
aggregation somewhat and also kept germ plasm from Xklp1 is shown here to have a role in a cytoplasmic
localization event in a developing embryo. The methodsassembling at the vegetal pole.
We show here that germ plasm is embedded in a used in this study open the way for the identification of
other motor proteins involved in developmentally impor-complex web of microtubules in the vegetal cytoplasm.
The network appears unaffected by Xklp1 depletion. tant events. The ability to see germ plasm aggregation
in living embryos, coupled with the ability to interfereThis makes it highly unlikely that the effect on germ
plasm aggregation was due to a primary effect on the with the function of specific motor proteins, makes the
process of cytoplasmic movements in the Xenopus eggmicrotubules. However, this does not exclude the possi-
bility that the Xklp1 antisense oligo does not somehow and embryo amenable at last to the same level of molec-
ular analysis as other examples of intracellular motilityaffect thechange in the microtubule network that occurs
during the aggregation process. This network of micro- such as mitosis or vesicle transport.
tubules has no obvious organization, so it is difficult to
Experimental Proceduressee how directionality of germ plasm aggregation is
achieved. The only case where directionality has been
Oocytes and Embryos in the Transfer Experimentstudied is during cortical rotation, and in this case there
Ovaries were surgically removed from Xenopus females. Stage VI
is obvious polarity and alignment of the microtubules oocytes were manually defolliculated and then injected with sense
(Houliston, 1994). However, there is no such alignment oligos, antisense oligos, or RNA, using a Medical Systems picoinjec-
or polarity in the microtubules seen around the germ tor P100. Injected and control oocytes were cultured in oocyte cul-
ture medium for 24 hr after injection, matured with progesterone,plasm. Despite the lack of functional centrosomes, a
labeled with vital dyes, and transferred to a host female by use ofknown microtubule organizing center (MTOC) compo-
the host transfer technique previously described (Holwill et al., 1987;nent, g-tubulin, has been shown to be distributed in foci
Heasman et al., 1991). Stripped eggs were fertilized with a sperm
in the vegetal cortex of stage VI oocytes (Gard, 1994). suspension and developing embryos were fixed at the 16–32 cell
Knowing the spatial and temporal relationship between stage in 2% trichloroacetic acid for analysis of germ plasm aggre-
g-tubulin and germ plasm during aggregation would pro- gation.
vide insight into how the movements of the many hun-
Oligonucleotides Used for Antisense Experimentsdreds of germ plasm islands are orchestrated.
Antisense oligos Xklp1-A (59-ACAGTTGGCTCATTCTCCTG-39)It is intriguing that the microtubule network within the
(named oligo 9 previously, Vernos et al., 1995) and Xklp1-B (59-ATGC
aggregated germ plasm is so much denser than that CCTCATCCTTCCCCAT-39) (named oligo 7 previously, Vernos et al.,
of the surrounding cytoplasm. We do not know if the 1995) were used to deplete Xklp1 mRNA at injection doses of 0.75–
microtubules arebeing newly polymerized or aremoving 1.0 ng. Oligo Xklp2-A (59-GCTTTTGCCTTCCCCAGCC-39) was used
to deplete Xklp2 mRNA at an injection dose of 1.0 ng. The sensethere with the germ plasm by sliding against one an-
oligo Xklp1-S (59-TGTCAACCGAGTAAGAGGAC-39) was injected atother. There is no apparent reduction in microtubule
a dose of 1.0 ng. These oligos were synthesized in a more stabledensity in the region surrounding the aggregates, and
modified form in which the 59 and 39 terminal four bases werethus it seems more likely that the increased density of
linked either by methoxyethylphosphoramidate linkages (Xklp1-A,
microtubules is due to a local increase in polymerization. Xklp1-S) or by phosphorothioate linkages (Xklp1-B, Xklp2-A) instead
Whether the increase in microtubules in aggregated of the conventional phosphodiester bonds (Integrated DNATechnol-
germ plasm is a cause or effect of the aggregation pro- ogies, Inc., and Genosys Biotechnologies, Inc.).
cess is not clear.
Synthetic mRNA for Rescue ExperimentsWe do not know the precise role of Xklp1 in germ
The plasmid (pXklp1myc59sdmc) used for in vitro mRNA synthesisplasm aggregation. It could carry germ plasm compo-
contained four third base pair mutations at the annealing site for
nents along microtubules or be involved in intermicrotu- Xklp1-A (Vernos, Raats et al., 1995). This template was linearized
bule interactions that result in an increased density of with BamHI and transcribed in vitro using SP6 polymerase. Xklp1
microtubules in aggregated germ plasm. The fact that synthetic mRNA was injected at a concentration of 1 ng/nl to a final
dose of 7 ng.Xklp1 is present in discrete dots within the germ plasm
Cell
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Northern and Western Blot Analysis Boleti, H., Karsenti, E., and Vernos, I. (1996). Xklp2, a novel Xenopus
centrosomal kinesin-like protein required for centrosome separationRNA was extracted from oocytes as described (Gurdon et al., 1985)
and separated on formaldehyde-agarose gels, and1.5 oocyte equiv- during mitosis. Cell 84, 49–59.
alents were run per lane. Northern blotting was performed as de- Bounoure, L. (1934). Recherches sur la lignee germinale chez la
scribed previously (Hopwood et al., 1989). Probes were random grenouille rousse aux premiers stades du developpement. Ann. Sci.
primed and consisted of Xklp1, Xklp2, or b-catenin coding se- Nat. 17, 67–278.
quences (Vernos et al., 1993; Heasman et al., 1994). Hybridized blots Brady, S.T. (1985). A novel brain ATPase with properties expected
were washed with 0.23 SSPE/0.5% SDS and exposed to film for for the fast axonal transport motor. Nature 317, 73–75.
24 hr. Western blotting was carried out using standard procedures
Cole, D.G., and Scholey, J.M. (1995). Structural variations among(Harlow and Lane, 1988) with 0.5 embryo equivalents of protein
the kinesins. Trends Cell Biol. 5, 259–261.loaded per lane. The antibody Ab 65 (Vernos et al., 1995) and ECL
Conklin, E.G. (1905a). The organization and cell lineage of the ascid-(Amersham Life Science, Inc.) were used to detect Xklp1 protein on
ian egg. J. Acad. Nat. Sci. Phila. 13, 1–119.blots. The antibody Xklp2-T (Boleti et al., 1996) and ECL were used
to detect Xklp2 protein on blots. Conklin, E.G. (1905b). Organ-forming substances in the eggs of
ascidians. Biol. Bull. 8, 205–230.
Germ Plasm Aggregation Assay Czolowska, R. (1969). Observations on the origin of the “germinal
Oocytes were chemically defolliculated using a 2% collagenase cytoplasm” in Xenopus laevis. J. Embryol. Exp. Morphol. 22,
solution to remove all layers of follicle cells. Stage VI oocytes were 229–251.
injected with antisense oligos as described above, cultured in oo-
Czolowska, R. (1972). The fine structure of the “germinal plasm” incyte culture medium, and matured in vitro with progesterone for
the egg of Xenopus laevis. Wilhem Roux’s Arch. 169, 335–344.14 hr at 188C. Matured oocytes were activated by pricking them
Dixon, K.E. (1981). The origin of the primordial germ cells in Am-individually with a fine glass needle. Only activated oocytes, as
phibia. Neth. J. Zool. 31, 5–37.determined by cortical contraction, were selected to be stained in
a 1 mM solution (in oocyte culture medium) of the lipophilic dye Elinson, R.P., and Browning, R. (1988). A transient array of parallel
chloromethyl X-rosamine (MitoTracker, Molecular Probes, Inc.) for microtubules in frog eggs: potential tracks for a cytoplasmic rotation
1–2 hr. Oocytes were rinsed with fresh oocyte culture medium and that specifies the dorso-ventral axis. Dev. Biol. 128, 185–197.
monitored using a Leica Leitz DMRB fluorescent microscope. Pho- Ephrussi, A., and Lehmann, R. (1992). Induction of germ cell forma-
tographs were taken 4 hr after prick activation. tion by oskar. Nature 358, 387–392.
Forristall, C., Pondel, M., and King, M.L. (1995). Patterns of localiza-
Immunostaining of Sections
tion and cytoskeletal association of two vegetally localized RNAs,
Embryos recovered from the transfer experiment were fixed in 2%
Vg1 and Xcat-2. Development 121, 201–208.
trichloroacetic acid at the16–32 cell stage equivalent and embedded
Gard, D. (1994). Gamma tubulin is asymmetrically distributed in thein polyethylene glycol distearate wax. Sections (10 mm) were cut
cortex of Xenopus oocytes. Dev. Biol. 161, 131–140.either through the plane of the vegetal pole or longitudinally from the
Gard, D.L., Hafezi, S., Zhang, T., and Doxsey, S.J. (1990).animal to the vegetal pole, and stained with anti-vimentin antibodies
Centrosome duplication continues in cycloheximide-treated Xeno-(Torpey et al., 1992) to identify germ plasm.
pus blastulae in the absence of a detectable cell cycle. J. Cell Biol.
110, 2033–2042.Immunostaining of Wholemounts
Prick-activated oocytes stained with MitoTracker were fixed for 2–8 Gurdon, J.B., Fairman, S., Mohun, T.J., and Brennan, S. (1985).
hr in 3.7% formaldehyde/0.25% glutaraldehyde/2% Triton in PIPES Activation of muscle specific actin genes in Xenopus development
buffer. Bisected oocytes were then stained with a 1:100 dilution of by an induction between animal and vegetal cells of a blastula. Cell
anti-a tubulin (DM1A; ICN Biomedical) as described previously (Gard 41, 913–922.
et al., 1990). Similarly prick-activated oocytes stained with Mito- Gururajan, R., Mathews, L., Longo, F.J., and Weeks, D.L. (1994).
Tracker were fixed in 100% MeOH overnight, bisected, and stained An3 mRNA encodes an RNA helicase that colocalizes with nucleoli
for Xklp1 protein with 1:40dilutions of either Ab 65 or mAbK4 (Vernos in Xenopus oocytes in a stage-specific manner. Proc. Natl. Acad.
et al., 1995) according to the protocols of Gard (Gard et al., 1990). Sci. USA 91, 2056–2060.
FITC-conjugated secondary antibodies were from Molecular
Harlow, E., and Lane, D. (1988). Antibodies: A Laboratory ManualProbes, Inc.
(Cold Spring Harbor, New York: Cold Spring Harbor Laboratory
Press).Confocal Microscopy
Heasman, J., Torpey, N., and Wylie, C.C. (1991). Fertilization of cul-Oocytes were examined on a Nikon optiphot equipped with a Bio-
tured Xenopus oocytes and use in studies of maternally inheritedRad MRC 1000 confocal scanning microscope. A 603 objective was
molecules. Meth. Cell Biol. 36, 213–235.used for all images. Images shown are projections of Z-series at 1
mm intervals through 10–15 mm of the oocyte. Heasman, J., Crawford, A., Goldstone, K., Garner-Hamrick, P., Gum-
biner, B., McCrea, P., Kintner, C., Yoshida Noro, C., Wylie, C. (1994).
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